Spiro-pyrrolidinyl-2-oxindoles were prepared by the oxidative rearrangement of N a -acetyl-1,2,3,4-tetrahydro-β-carbolines (THBC) using dimethyldioxirane generated in situ. The N aacetyl THBC substrates were obtained by Pictet-Spengler and acyl-Pictet-Spengler reactions of L-tryptophan methyl ester, followed by N a -acetylation. The stereoselectivity of the oxidative rearrangement was evaluated and 2D nuclear magnetic resonance (NMR) was used to determine the stereochemistry of the oxindole products relative to L-tryptophan. Density functional theory calculations were consistent with a face selective, substrate controlled, epoxidation of the indolic double bond. The calculations indicated that the resulting epoxide would readily rearrange at room temperature via a concerted ring opening/ring contraction process to give the 3-substituted-2-oxindole.
Introduction
The structural complexity and the biological activity of natural products containing a spiro-cyclic-oxindole ring system, 1,2 such as gelsemine, 3 paraherquamides 4 and spiropyrrolidinyloxindoles (for example ( Figure 1 ): horsfiline, 5 coerulescine, 6 elacomine, 7 rhynchophylline, 8 pteropodine, 9 chitosenine, 10, 11 alstonisine, 12 spirotryprostatins, 13 and strychnofoline) 14 have attracted a great deal of interest over the past few decades. These and related compounds have been a driving force for the development of synthetic methods for the obtention of spiro-cyclic-oxindoles and the investigation of their biological properties. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] The intense scientific interest has resulted in the discovery of synthetic spiro-pyrrolidinyloxindoles that are enhancers of the cellular actions of latrunculin B, 26 which interfere with microtubule polymerization, 27 or are potent MDM2 inhibitors 28 with sub-nanomolar inhibitor (K i ) constants that have been advanced through to clinical trials ( Figure 1 ). 29 Marti and Carreira, 16 as well as Galliford and Scheidt, 1 have classified different generalized synthetic strategies for the synthesis of spiro-pyrrolidinyloxindoles. Amongst the strategies, the oxidative rearrangement of indolic compounds has attracted considerable attention and a diverse range of oxidants can be used to promote the reaction as exemplified by the following recent examples: t-BuOCl, 11, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] N-chlorosuccinimide (NCS), 43 N-bromosuccinimide (NBS), 44 dibromodimethylhydantoin, 45 oxaziridines, 32, 35, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] dimethyl dioxirane (DMD), 32, 35, 47, [59] [60] [61] [62] [63] [64] [65] trifluoroperacetic acid, 66 meta-chloroperoxybenzoic acid (mCPBA), 67 a chiral aspartyl peptide peracid, 68 H 2 O 2 , 69 selectfluor, 70 XeF 2 , 33, 71 Pb(OAc) 4 , 41 OsO 4 , 72 or by bioconversion. 73 In a general manner, the oxidative rearrangement of 2,3-disubstituted indoles to give 3,3-disubstituted-2-oxindoles or 2,2-disubstituted indoxyls occurs via formation of a 3-substituted indolenine derivative (Scheme 1). This intermediate is often isolated or treated in situ with acids or bases. The preferential formation of either the 2-oxindole or the indoxyl product depends upon which substituent has a greater propensity to migrate and/ or upon the reaction conditions. 30, [35] [36] [37] [74] [75] [76] [77] [78] [79] [80] In contrast, Zhang and Foote 81 reported the formation of N-acylindole epoxides at sub-zero temperatures as characterized by nuclear magnetic resonance (NMR) when N-acylindole derivatives were oxidized with an isolated acetone solution of DMD. At room temperature, the N-acylindole epoxides spontaneously rearranged to 2-oxindole and/or indoxyl derivatives depending upon the nature of the substituents. 81 In a similar fashion, Adam et al. 82 found that the 1-acetylcyclopent[2,3]indole 2,3-epoxide was stable at room temperature for days and they characterized the structure of this compound by single crystal X-ray diffraction.
The present study details the use of DMD, generated in situ, for the oxidative rearrangement of N a -acetyl-1,2,3,4-tetrahydro-β-carbolines (N a -AcTHBC), prepared from L-tryptophan, to give spiro-pyrrolidinyloxindole derivatives without the observed formation of a 3-substituted indolinine derivative (Scheme 2). Initial studies of the oxidation of some acetylated tetrahydro-β-carbolines using DMD were presented few years ago, 83 whilst Martin and co-workers 32, 65 and Sarpong and co-workers 59, 61 have more recently employed DMD for the oxidative rearrangement of N a -Boc-hydrocarbazole derivatives as part of a strategy towards the total synthesis of citrinadins and citrinalin B. In developing upon the initial studies we have applied the in situ generation of DMD to the oxidative rearrangement of tetrahydrocarboline derivatives (we cannot rule out the possibility that the actual oxidant is in fact an adduct between KHSO 5 and acetone, the same adduct which gives rise to DMD). The diastereoselectivity of the rearrangements was qualitatively assessed by the chromatographic separation of the diastereoisomers. The stereochemistry, relative to L-tryptophan, was determined from the analysis of the respective nuclear Overhauser effect spectra (NOESY) after assignment of all 1 H and 13 C signals using two-dimensional (2D) NMR spectra.
Results and Discussion
Initially, the oxidation of the indole derivatives 4-7 using DMD generated in situ from NaHCO 3 and oxone in H 2 O/acetone (1/1 v/v) was investigated (Scheme 3). 84 Whereas the oxidation of 4 gave a complex mixture, the oxidation of 5 readily provided the N-formylkynurenine derivative 8 (60%) and the oxidation of 6 gave the tetrahydrobenzazonine-2,7-dione 9 (63%). These reactions were performed using one mole equivalent of oxone, which resulted in complete substrate consumption. The reactions were not optimized.
The indole ring cleavage product 8 has been previously obtained by superoxide oxidation, 85 or by metalloporphyrin catalyzed oxidation in 32% yield 86 and, more recently, as a product from ozonolysis of 5, 87 whilst 9 has been obtained in a quantitative yield by the periodate oxidation of 6. 88 In addition to the indole ring cleavage product 9, substrate 6 can give rise to a spiro-cyclopentyl-1,2'-indol-3'-one (13, Scheme 4). 89 On the other hand, the oxidation of 7 readily gave the N-acetyl-spiro-cyclopentyl-1,3'-indol-2'-one (10) as observed by Zhang and Foote. 81 The 2-oxindole 90 The contrasting reactivity of the substrates 6 and 7, and the complex product mixture obtained on oxidation of 4, reveals that the N-acetyl group modulates the reactivity of the indolic substrates in favor of 2-oxindole product formation. Therefore, the tetrahydro-β-carboline (THBC) 4 was transformed into the The mixture was chromatographically separated and the diastereoisomers (the least polar diastereoisomer 16a and the more polar 16b) were individually characterized. 2D NMR experiments were used to assign the 1 H and 13 C signals. The 2-oxindole substructure was confirmed by: (i) the 13 C shift of the oxindole carbonyl groups (177.2 and 180.7 ppm for 16a and 16b, respectively); (ii) the heteronuclear multiple bond correlation (HMBC) spectrum revealed that the methylene groups (C8 and C11, for atom numbering, see Figure 2 ) of the spiropyrrolidine ring fragment were 3 J coupled with C3a, the quaternary aromatic carbon bonded to spiro-C3 of the oxindole fragment, revealing that both methylene groups were bonded to the spiro-C3 center. The stereochemistry, relative to L-tryptophan, was determined by 2D NOESY. In the case of 16a, H4 of the oxindole nucleus revealed through space dipolar couplings with specific hydrogens (H8b, H11b and H9) of the spiro-pyrrolidine group. The more deshielded hydrogens, H8a and H11a, of the respective methylene groups (C8 and C11) revealed a strong nOe correlation between them, consistent with the respective C-H bonds occupying pseudo-axial positions of an envelope conformation of the spiropyrrolidine group, where the spiro-C3 of the oxindole nucleus is the envelope flap ( Figure 2 ). The distinction between H4 and H7 of the oxindole nucleus was ratified by the observation of an nOe correlation between H7 and the NH group. Notably, the N b -acetyl group of the spiro-pyrrolidinyl group gave rise to two conformers in a 5:1 ratio for 16a and a 3:1 ratio for 16b, as determined by integration of the oxindole NH signals. An nOe interaction of the acetyl methyl group with the hydrogens H11a and H11b of the more deshielded methylene group of the pyrrolidine ring allowed distinction of the conformer structures ( Figure 2) .
In a similar fashion, a 2D NOESY experiment allowed the stereochemical definition of the diastereoisomer 16b (S,S). The hydrogens H4 and H7 were readily defined from their respective nOe dipolar couplings, where H7 revealed a coupling with the NH group and H4 revealed couplings with H8b and H11. In the case of 16b, the hydrogens H11a and H11b are magnetically equivalent and gave rise to a singlet (d 3.92 ppm) in the 1 H NMR spectrum. Additionally, the hydrogens H8a and H8b revealed nOe correlations with the hydrogens H11 and the hydrogen H9 with H11 ( Figure 2 ).
With the aim of further exploring the oxidative rearrangement of THBC derivatives, a small group of N-AcTHBCs was prepared from L-tryptophan methyl ester hydrochloride salt (2a), the structures are given in Figure 3 . The synthetic methodology for their preparation is detailed in the Supplementary Information (SI) section.
Initially, trans-21 was oxidized in an analogous fashion to the oxidation of 14 (Scheme 5). TLC analysis of the reaction revealed four products. However, GC-MS (gas chromatography-mass spectrometry) analysis revealed two pairs of diastereoisomers, the N-acetyloxindoles with molecular ions m/z 342 (60%, 4:1 ratio) and the N a -H oxindoles with molecular ions m/z 300 (30%, 2:1 ratio), as well as two unidentified minor products (with molecular ions m/z 314, 10% total area). The principal apolar N a -acetyloxindole diastereoisomer (25a) could be partially separated from the product mixture and was recrystallized from EtOAc. The structure was characterized by 2D NMR and the NOESY method was used to determine the relative stereochemistry based upon L-tryptophan (Scheme 6 and SI). N a -Deacetylation of 25a in MeOH with a catalytic quantity of pTSA gave the respective apolar N a -H oxindole (26a) as determined by comparative TLC with the oxidation product mixture. As expected, determination of the relative stereochemistry of the N a -H oxindole (26a) revealed this to be the same as the N a -acetyl diastereoisomer 25a (Scheme 6). This finding confirmed that epimerization of spiro-C3a, due to a retro-Mannich reaction of the spiro-pyrrolidinyl ring, was not observed to occur under the conditions used for N a -deacetylation. Based upon the observation that the N a -H oxindoles 16a/b (Scheme 5), obtained from the oxidation of the N a ,N b -diacetyl THBC 14, could be more readily separated, the oxidized product mixture (25a/b//26a/b) was N a -deacetylated to give 26a/b. However, the chromatographic separation of the N a -H diastereoisomers 26a/b proved to be more challenging. The polar N a -H diastereoisomer 26b was partially separated from the N a -deacetylated mixture. The product was characterized by 2D NMR and the use of NOESY confirmed the inversion of the C3 spiro center, relative to the C9 and C11 asymmetric carbons (Scheme 6 and SI).
In continuation of the investigation, the N a -acetyl derivatives (22) (23) (24) were oxidized in an analogous fashion and the crude products were subsequently N a -deacetylated in methanolic HCl. The crude product was separated into two fractions using a Chromatotron (Harrison Research). The apolar component was generally found to be (by NMR analysis) a mixture of compounds whereas the polar, principal, component was found to be essentially a single diastereoisomer in the case of the products 27 (80% yield) and 28 (67% yield), and an estimated 5:1 mixture in the case of 29 (75% yield). (7). Figure 4 portrays the Gibbs free energy (ΔG) for stationary points and the total electronic energy for the intrinsic reaction coordinate for oxygen atom transfer from DMD to 7. Interestingly, for the gas phase calculation, as DMD approaches the indolic double bond, the oxygen atom transfer for the lowest energy transition state regioselectively occurs at C2. Following this, as the reaction coordinate relaxes, the indolic C3-C2-O angle closes to give the epoxide of 7 as the product. 92 The inclusion of an implicit solvation model (IEFPCM, solvent = water) in the calculation resulted in the smooth transfer of the oxygen atom to both C2 and C3 simultaneously, directly yielding the epoxide intermediate.
In a similar fashion, the reaction of DMD with 23 was calculated. The calculations revealed the differences in the energetics for oxygen atom transfer to the two faces (cis to the methyl and methyl carboxylate substituents or trans with respect to the same substituents) of the indolic double bond. The energetic change (ΔH and ΔG) upon conversion of a van der Waals complex of DMD with 23 via the transition state for oxygen atom transfer to the van der Waals complex of epoxide and acetone is graphically portrayed in Figure 5 (cis oxygen atom transfer is represented as coordinate A and trans oxygen atom transfer as coordinate B). The nature of the transition state was observed to be dependent upon the face to which the oxygen atom was being transferred. The sterically congested cis face resulted in oxygen atom transfer to C3 of the indolic double bond, where the adjacent methylene group is unsubstituted. On the other hand, the less congested trans face resulted in oxygen atom transfer to C2. The inclusion of an implicit solvation model gave similar results. For both intrinsic reaction coordinates, post transition state relaxation resulted in the formation of the respective epoxides. Notably, ΔΔG ‡ for the reaction coordinates was 2.45 kcal mol -1
(equivalent to a diastereoisomeric ratio of 98.5:1.5) and the inclusion of implicit solvation reduced this activation barrier to 1.84 kcal mol -1 (diastereoisomer ratio of 95.7:4.3). The facts that the epoxidation reaction is considerably exothermic (ca. 50 kcal mol -1 ) and that the equilibrium for the epoxidation reaction is completely displaced in favor of the epoxide would imply that the observed diastereoselectivity for the formation of the 2-oxindole products is controlled by formation of the respective epoxides. Adam et al. 82 proposed that rearrangement of the indole epoxides occurs by heterolysis of an epoxide C-O bond to generate a zwitterionic intermediate. Heterolysis of the C3-O epoxide bond would give rise to a benzylic cation 2-alkoxide zwitterion. A 1,2-alkyl group shift (WagnerMeerwein rearrangement) from C2 to C3 would result in the respective 3-alkyl-2-oxindole. A polar protic reaction medium might be expected to stabilize a zwitterionic intermediate, although a concerted epoxide ring opening/ alkyl group migration is not ruled out.
Attempts to locate both transition state for ring opening of the epoxide of 7 and minimum energy zwitterionic intermediate, with or without implicit solvation, were unsuccessful (B3LYP/6-31+G(d), IEFPCM = water). However, a transition state for the 1,2-alkyl group migration was located and this was used as a starting point for an intrinsic reaction coordinate calculation (IRC). The IRC calculation endpoints resembled a zwitterionic intermediate and the 2-oxindole product. Optimization of the IRC calculation endpoints resulted in the epoxide of 7 and the 2-oxindole 10 as minimum energy stationary points to either side of the transition state for the 1,2-alkyl group migration. The result is consistent with a concerted ring opening/ring contraction process. The Gibbs activation free energy (ΔG ‡ ) and enthalpy of activation (ΔH ‡ ) for the concerted process are 16.19 and 16.66 kcal mol -1 , respectively ( Figure 6 ).
The small activation energies for both epoxidation and rearrangement, combined with the exothermicity of each step, result in a rapid room temperature reaction consistent with the short experimental reaction times and the absence of any observable intermediate. 
Conclusions
The oxidation of N-H-indole derivatives (5 and 6) using DMD generated in situ resulted in the cleavage of the indole ring as exemplified by the products 8 and 9, whereas the oxidation of the THBC 4 gave a complex mixture of products. N-Acetylation of 6 and 4, to give 7 and 14, respectively, followed by oxidation with DMD cleanly resulted in the formation of the oxindoles 10 and the mixture of spiro-diastereoisomers N a -acetyl 15a/b and N a -H 16a/b in good yields (where 15 was transformed into 16 by N a -deacetylation). The oxidative rearrangement was further explored with a small set of N a -acetyl pyrrolidinyltetrahydro-β-carbolines (21) (22) (23) (24) . DMD oxidation stereoselectively gave the respective spiropyrrolidinyl-2-oxindole products without the observation of the formation of isolable hydroxyindolenine intermediates. The oxindole products were spectroscopically characterized and the stereoselectivity of the oxidative rearrangement reaction was qualitatively assessed from ratios of isolated products or by the use of GC-MS and or NMR. The stereochemistry, relative to L-tryptophan, of the oxindole products was determined by NOESY. The configuration of the spiro-center of the principal spiro-pyrrolidinyloxindole diastereoisomer was found to be substrate structure dependent.
DFT calculations of the intrinsic reaction coordinate for oxygen atom transfer from DMD to 7 were found to result in the formation of an intermediate epoxide, consistent with experimental results reported by Zhang and Foote. 81 A similar analysis of the epoxidation of 23 by DMD revealed a face selective epoxidation of the indolic double bond consistent with the experimental isolation of a single 2-oxindole diastereoisomer resulting from the oxidative rearrangement of the diastereoselectively formed epoxide intermediate. A DFT study using implicit solvation for rearrangement of epoxide-7 to give 10 located a single transition state, characterized as a 1,2-alkyl group migration as a consequence of heterolysis of an epoxide C-O bond, and therefore a concerted epoxide ring opening/ ring contraction process to give 10.
Experimental

General
All commercial reagents were used as received. The products of the reactions were purified using a Chromatotron (Harrison Research, silica gel 60 PF 254 with gypsum). Thin layer chromatography (TLC) was used to monitor the reactions (silica gel 60, 0.2 mm). NMR spectra were acquired using Bruker spectrometers (200, 300 and 500 MHz). The 1 H NMR data are given as the chemical shift d (ppm), number of protons, multiplicity and the respective coupling constant(s) J (Hz). The 13 C NMR assignments (where given) are based upon distortionless enhancement by polarization transfer (DEPT) and/or interpretation of 2D spectra. The NMR spectra in CDCl 3 are referenced as residual CHCl 3 in 1 H NMR spectra (7.26 ppm) and as natural abundance 13 C (77.16 ppm) unless otherwise indicated. FTIR-ATR (Fourier transform infrared spectroscopy-attenuated total reflectance) spectra were recorded with a Nicolet Magna spectrometer. Highresolution mass spectra (HRMS) were obtained with a QTOF (Micromass) spectrometer. GC-MS analyses were performed with a Shimadzu (QP2010S) gas chromatograph coupled to a mass sensitive detector using an Agilent DB-5 column (30 m) and helium as carrier gas. Ionization was achieved by electron impact (70 eV). DFT calculations were performed using Gaussian 09C. 93 Procedures for the preparation of the substrates are given in the SI section.
General procedure for the oxidation reactions using dimethyl dioxirane generated in situ Reactions were generally conducted on a scale of 1 to 10 mmol of the indolic substrate. The following procedure is representative. The substrate (10 mmol) was solubilized in aqueous acetone (50:45 mL) to which was added NaHCO 3 (3.4 equiv., 34 mmol). Subsequently, Oxone® (10 mmol) was added in portions during a period of 10 min at room temperature. CO 2 evolution was noted. After 30-60 min, TLC analysis of the reaction revealed the complete consumption of the respective substrate and the formation of the products. The reaction was diluted with aqueous NaCl solution (10%, 70 mL) and extracted with CH 2 Cl 2 (4 × 50 mL). The organic phase was dried with Na 2 SO 4 , filtered and concentrated under reduced pressure to give the crude product as an oil, which solidified with time. The crude products were N a -deacetylated (see "N a -Deacetylation of the oxidatively rearranged diastereoisomeric mixtures" section) unless otherwise stated. The substrates, methyl N-acetyltryptophan ester (5) and tetrahydrocarbazol (6), gave products resulting from oxidative cleavage of the indolic double bond (8 and 9, respectively). DMD oxidation of the substrate 7 gave the oxindole 10 in 83-92% yield, N a -deacetylated product was not quantified. 81 The crude products were purified using a Chromatotron (eluent: hexane:EtOAc, 3:1). 
From 21 (1.113 g, 3.4 mmol), the crude product was obtained as a mixture (1.121 g) of the N a -acetyl (25a/b) and N-H (26a/b) diastereoisomers. The principal apolar N a -acetyl diastereoisomer 25a could be partially separated from the mixture chromatographically on silica using a CH 2 Cl 2 /EtOAc gradient (0-30%). Initial fractions gave 25a (0.173 g from 0.550 g of the crude mixture), which was recrystallized from EtOAc, mp 213-4 °C. Posterior fractions were mixtures. 1 The N a -acetyl 1,2,3,4-tetrahydro-β-carbolines (14 and 21-24) gave mixtures of N a -H and N a -acetyl diastereoisomeric 2-oxindole products. Therefore, the product mixture was hydrolyzed to give the deacetylated N a -H oxindole diastereoisomers. The crude diastereoisomeric mixture from the oxidative rearrangement reaction was heated for a period of 40 min in MeOH (10 mL) to which a few drops of AcCl (or 10 mol% of pTSA in relation to the substrate) had been added. TLC confirmed the complete transformation of the N-acetyloxindole diastereoisomers into the deacetylated N-H oxindole diastereoisomers. The reaction mixture was concentrated by evaporating the volatiles under reduced pressure, and the crude products were partitioned between aqueous 10% NaHCO 3 and EtOAc. The organic phase was separated, dried over Na 2 SO 4 , filtered and evaporated under reduced pressure. The crude products were purified using the Chromatotron (eluent: hexane:EtOAc, 3:1 unless otherwise indicated). A part of the crude product mixture of 25a/b and 26a/b (0.550 g) was hydrolyzed to give a mixture of 26a/b. This was chromatographically separated using CH 2 Cl 2 :EtOAc (9:1 v/v) to give the apolar 26a (347 mg) and the polar 26b (131 mg). 
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